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Stem cellsMulticellular organisms are equipped with cellular mechanisms that enable them to replace differentiated
cells lost to normal physiological turnover, injury, and for some such as planarians, even amputation. This
process of tissue homeostasis is generally mediated by adult stem cells (ASCs), tissue-speciﬁc stem cells re-
sponsible for maintaining anatomical form and function. To do so, ASCs must modulate the balance between
cell proliferation, i.e. in response to nutrients, and that of cell death, i.e. in response to starvation or injury. But
how these two antagonistic processes are coordinated remains unclear. Here, we explore the role of the core
components of the TOR pathway during planarian tissue homeostasis and regeneration and identiﬁed an es-
sential function for TORC1 in these two processes. RNAi-mediated silencing of TOR in intact animals resulted
in a signiﬁcant increase in cell death, whereas stem cell proliferation and stem cell maintenance were unaf-
fected. Amputated animals failed to increase stem cell proliferation after wounding and displayed defects in
tissue remodeling. Together, our ﬁndings suggest two distinct roles for TORC1 in planarians. TORC1 is re-
quired to modulate the balance between cell proliferation and cell death during normal cell turnover and
in response to nutrients. In addition, it is required to initiate appropriate stem cell proliferation during regen-
eration and for proper tissue remodeling to occur to maintain scale and proportion.
© 2012 Elsevier Inc. All rights reserved.Introduction
The preservation of anatomical form and function in most adult
organisms is contingent upon the ability of tissue-speciﬁc adult
stem cells (ASCs) to constantly replace differentiated cells lost to nor-
mal physiological turnover or injury (Pellettieri and Sánchez
Alvarado, 2007). Environmental cues such as nutrient availability
and external injury are transmitted to ASCs by their niches, which
are generally composed of the extracellular matrix, differentiated
cells in close proximity and soluble factors (Voog and Jones, 2010).
In turn, ASCs play a critical role in tissue homeostasis and repair by
ﬁne-tuning the balance between three fundamental competing pro-
cesses: cell proliferation, cell differentiation and cell death. Therefore,
understanding how ASCs and somatic tissues coordinate these pro-
cesses at both the molecular and organismal level would provide in-
valuable insight into not only stem cell biology, but disease states as
well like cancer and aging.
Planarians are ﬂatworms that manifest a remarkable capacity to
regenerate wholly from tiny fragments (Morgan, 1901; Reddien andInstitute, Stowers Institute for
O, 64110, USA. Fax: +1 816
do).
rights reserved.Sánchez Alvarado, 2004). Like cell turnover, regeneration is a form
of tissue replacement in which ASCs must respond to the loss of spe-
ciﬁc cell types and initiate the proper cell division and differentiation
mechanisms required to replace all missing structures. Planarians
possess an abundant population of pluripotent ASCs called neoblasts,
the only proliferating cells in the animals (Ladurner et al., 2000;
Newmark and Sánchez Alvarado, 2000; Wagner et al., 2011). Planar-
ians exhibit high rates of cell turnover as part of their normal tissue
homeostasis. The division progeny of neoblasts continually generates
replacements for cells lost during turnover and injury-induced
regeneration.
Planarians also display a wide range of developmental plasticity,
capable of constantly resizing and remodeling their bodies in re-
sponse to nutrient status (Newmark and Sánchez Alvarado, 2002).
When nutrients are plentiful, planarians can rapidly grow to reach a
maximum size through increased cell division and decreased cell
death. They can also endure a prolonged period of starvation, where
the animals will de-grow considerably by increasing cell death and
decreasing cell division, all while maintaining anatomical scale and
proportion. Thus, planarians must employ coordinated molecular
mechanisms at the organismal level to allow the stem cell population
to modulate the balance between proliferation, differentiation and
cell death. In addition, the planarian soma must integrate newly
made cells with those cells lost to turnover and apoptosis, which in
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sponses also occur during regeneration, where injury or loss of tissue
is the signal to regulate proliferation, differentiation, and cell death
but these mechanisms are poorly understood.
The TOR pathway is an evolutionarily conserved, highly complex
signaling network that acts as a key regulator of organismal growth
and homeostasis (Zoncu et al., 2011). Belonging to the phosphoinosi-
tide 3-kinase (PI3K)-related protein kinases (PIKK) family, TOR is a
Serine/Threonine kinase and is the catalytic subunit of two distinct
complexes called TORC1 and TORC2, deﬁned respectively by their
unique accessory proteins Raptor and Rictor (Hara et al., 2002; Kim
et al., 2002; Sarbassov et al., 2004; Wullschleger et al., 2006). Raptor
and Rictor both function as scaffolds for assembling the complexes
and for binding speciﬁc substrates and regulators. TORC1 monitors
cellular energy such as nutrients, growth factors, and stress to control
the rate of protein synthesis by phosphorylating the substrates S6K1
and 4E-BP1 (Sengupta et al., 2010). TORC2 is less well characterized
but has been implicated in actin cytoskeletal organization and cell po-
larization (Jacinto et al., 2004). Thus, TOR functions as a major signal
integrator of energy and nutrient status to control cell growth and di-
vision. The TOR pathway has also recently emerged as an important
regulator of stem cells, such as controlling Drosophila neural stem
cell proliferation (Chell and Brand, 2010; Sousa-Nunes et al., 2011)
and supporting long-term self-renewal of human embryonic stem
cells (Zhou et al., 2009). It is unknown how planarians may use the
TOR pathway in any biological context, including stem cell mainte-
nance and regeneration. The unique biology of planarians, especially
the abundance of adult stem cells which have the ability to respond
to all the signaling pathways TOR controls in other organisms,
makes them an ideal model system to study in this regard.
Here, we identify an essential function for TORC1 in planarian tis-
sue homeostasis and regeneration. RNAi-mediated silencing of TOR in
intact, uninjured animals resulted in a fully penetrant phenotype
where animals developed dorsal lesions and died from eventual
lysis. Surprisingly, molecular analyses revealed that stem cell prolifer-
ation and stem cell maintenance are not affected in TOR(RNAi) ani-
mals. However, we found a signiﬁcant increase in apoptosis,
suggesting a clear imbalance between cell proliferation and cell
death. The amputation of TOR(RNAi) animals resulted in a complete
failure in regeneration marked by a substantial decrease in cell prolif-
eration, the exact opposite of what a regenerating planarian requires.
Together, our ﬁndings suggest two distinct roles for TORC1 in planar-
ian tissue homeostasis and in the process of regeneration. TORC1 is
required to modulate the balance between cell proliferation and cell
death during normal cell turnover and in response to nutrients. In ad-
dition, it is required to initiate appropriate stem cell proliferation dur-
ing regeneration and for proper tissue remodeling to occur.
Materials and methods
Planarian care and irradiation exposure
Schmidtea mediterranea CIW4 asexual strain was maintained and
used in this study as previously described (Gurley et al., 2008;
Reddien et al., 2005a). Animals ranging from 1 mm to 10 mm were
used for in situ hybridizations and RNAi feeding experiments, and
on average were starved for 7 days before experiments. Animals
were exposed to 100 Gy of gamma irradiation using a J.L. Shepherd
and Associates model 30, 6000 Ci cesium-137 instrument at ~6 Gy/
min (17 min total).
RNAi feeding experiments
All genes were cloned from a cDNA library generated from a 7-day
regeneration series as previously described (Rink et al., 2009), and
expressed in bacterial strain HT115 to make dsRNA (Gurley et al.,2008). RNAi food was prepared by mixing 50 ml of pelleted culture
with 0.25 ml of calf liver paste. For TOR(RNAi), animals were fed
every 3 days for ﬁve feedings. For Raptor(RNAi) and Rictor(RNAi),
animals were fed every 3 days for seven feedings. Animals were am-
putated transversely anterior and posterior to the pharynx (Fig.
S4A) 1 day after the last RNAi feeding unless otherwise noted. For
double RNAi feeding experiments, 25 ml each of TOR or Raptor
dsRNA culture was pelleted and mixed with liver paste, and animals
were fed every 3 days for six feedings. For all RNAi feeding experi-
ments, unc-22 dsRNAwas used as a control for the same number of feed-
ings as experimental RNAi animals. Live animals were imaged using a
Zeiss Lumar V12 stereomicroscope equipped with an AxioCam HRc.
Immunohistochemistry and in situ hybridization
Whole-mount colorimetric and ﬂuorescent in situ hybridizations
were performed as previously described (Gurley et al., 2010;
Pearson et al., 2009). Immunostaining with anti-H3P (1:500, Milli-
pore, USA) was performed as previously described (Reddien et al.,
2005a) and imaged with Zeiss Lumar V12 stereomicroscope equipped
with an AxioCam HRc or a Leica DM6000 microscope. Images were
processed and quantiﬁed using ImageJ software (http://rsbweb.nih.
gov/ij/). For cryosections, WISH-stained animals were transferred to
30% sucrose in PBS, embedded in O.C.T. Compound (Sakura) and
were then placed in the HistoBath in a solution of 3 M Novec 7100
that was brought to −60 to −70 °C. Specimens were sectioned in a
cryostat at 12 μm at a temperature between −15 and −20 °C. The
sections were placed on Fisherbrand Superfrost Plus microscope
slides and were left at room temperature for approximately 20 to
30 min, then placed in −20 °C before DapI staining and Aqua Poly/
Mount (Polysciences, Inc.) was added for imaging.
TUNEL
Animals were ﬁxed and stained for TUNEL using a method previ-
ously described (Pellettieri et al., 2010). TUNEL-stained specimens
were imaged on a Zeiss LSM510-Live Laser Scanning Microscope
using the Zeiss LSM Image Browser Software for image acquisition.
Images were quantiﬁed using ImageJ software.
Results
TOR pathway components are conserved in planarians
The genome of the freshwater planarian, S. mediterranea, has been
sequenced and assembled (Robb et al., 2008), which allows straight-
forward identiﬁcation of genes by homology. In order to determine
what components of TOR signaling have been evolutionarily con-
served in planarians, we used reciprocal BLAST searches. Brieﬂy, pro-
tein sequences were taken from the mouse genome, compared to the
translated planarian genome via BLAST and the results compared
again via BLAST to the complete Drosophila proteome. Using this
method, we identiﬁed a single TOR homolog (Fig. S1), as well as a sin-
gle homolog for each of the TOR accessory proteins Raptor and Rictor.
By protein alignment, we found 35% sequence identity between
Smed-TOR and human TOR (mTOR). Because there are clear orthologs
for each of these single genes, each gene will be referred by its name
alone (Reddien et al., 2008). We cloned the predicted genes from a
cDNA library and next sought to determine where each gene is
expressed in adult planarians.
TOR and Raptor are primarily expressed in the planarian gut
By performing whole-mount in situ hybridization (WISH) on
wild-type animals, we determined that TOR is generally expressed
throughout the entire planarian body. It is mainly enriched in the
460 K.C. Tu et al. / Developmental Biology 365 (2012) 458–469gut, as well as in approximately 12–20 (depending on animal size)
discrete, ventrally located cells closely associated with the bi-lobed
cephalic ganglia (brain) (Fig. 1A, left panels, arrowheads). To conﬁrm
anatomical expression, we performed double WISH using a pan-
nervous system marker (Agata et al., 1998) and TOR, which showed
that the discrete TOR-positive cells are found in close association
with the brain (Fig. S2A). Raptor shares a similar expression pattern
with TOR in that it is expressed mainly in the gut, but differs in that
it is not unambiguously detected in discrete cells near or within the
brain (Fig. 1A, second panel from right). We performed double
WISH using a gut marker (Gurley et al., 2008) and either TOR or Rap-
tor and conﬁrmed that both TOR and Raptor are expressed throughout
the planarian gastrovascular system (Figs. S2B,C). Rictor exhibited aA
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Fig. 1. TORC1 is required for tissue homeostasis but not stem cell maintenance. (A) Expressi
in situ hybridizations (WISH) showing expression of TOR, Raptor and Rictor in wild-type S
highlighting discrete TOR-positive cells is shown in second panel from left (arrowheads). Im
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To determine whether any of the core TOR pathway components
are expressed in neoblasts, we performed WISH on animals exposed
to gamma irradiation. A high dose of irradiation (>60 Gy) speciﬁcally
eliminates stem cells within 24 h of exposure (Eisenhoffer et al.,
2008; Reddien et al., 2005b). Following irradiation, we found that
both TOR and Raptor expressions remained largely unchanged, sug-
gesting that they are predominantly expressed in post-mitotic tissues
(Fig. S3). However, within 24 h post-irradiation, Rictor expression
was markedly decreased, suggesting that Rictor is expressed in the
stem cell compartment. Once the mesenchymal stem cell expressionD
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461K.C. Tu et al. / Developmental Biology 365 (2012) 458–469of Rictor was removed by irradiation, it became apparent that Rictor
was also expressed in the gut and a region of the brain separate
from the TOR-positive neuronal cells (Fig. S3).
TORC1 is required for planarian tissue homeostasis
In planarians, dsRNA can inhibit gene expression in a process that
is speciﬁc, robust and reproducible. For RNAi-mediated silencing,
dsRNA is administered by either injection or feeding, and this system-
ically silences gene expression in all tissues (Newmark et al., 2003;
Sánchez Alvarado and Newmark, 1999). In order to characterize the
function of TOR in vivo, we fed animals homogenized liver paste
mixed with bacteria expressing TOR dsRNA or control dsRNA ﬁve
times over 12 days (see Materials and methods and Fig. S4A). Follow-
ing the RNAi feedings, we determined that in TOR(RNAi) animals, TOR
expression was efﬁciently knocked down for a period of at least
15 days post-RNAi by WISH and quantitative RT-PCR (Figs. S4B,C). In-
tact, uninjured TOR(RNAi) animals developed a single large lesion just
posterior to the pharynx around day 15 post-RNAi (Fig. 1B, second
panel from left), which was eventually followed by multiple smaller
lesions covering the dorsal surface. The TOR(RNAi) phenotype was
100% penetrant, where all worms eventually lysed within 15 to
21 days post-RNAi. We also performed RNAi feeding experiments
with Raptor and Rictor dsRNA to distinguish whether TOR is function-
ing through the TORC1 or TORC2 complex, respectively. Raptor(RNAi)
intact animals also developed an identical large lesion posterior to the
pharynx (Fig. 1B, center panel), whereas Rictor(RNAi) animals never
displayed any gross phenotypic abnormalities (Fig. 1B, second panel
from right). We interpret these results to mean that TORC1, but not
TORC2, has an essential function in planarians by playing a critical
role in some aspect of tissue homeostasis. Given that TORC1 plays a
role in promoting cell growth and TORC2 plays more of a role incytoskeletal organization, it is not surprising that TORC1 acts as a
key complex mediating planarian homeostasis. Feeding animals TOR
and Raptor dsRNA simultaneously also resulted in animals developing
a single large lesion (Fig. 1B, rightmost panel), which was eventually
followed by lysis, but the phenotype was not exacerbated.TOR(RNAi) does not affect stem cell proliferation or maintenance in
intact animals
TOR activity in other model systems has been shown to be impor-
tant for stem cell maintenance (Zhang et al., 2006). Although the
TOR(RNAi) phenotypes do not show a typical stem cell defective phe-
notype (e.g. head regression, ventral curling), we hypothesized that
the eventual lysis of the animal may be due to loss of stem cells, incor-
rect lineage determination, or tissue homeostasis. To test these hy-
potheses, we assayed the stem cell population, newly made stem
cell progeny and speciﬁc tissue markers during the course of the
TOR phenotype. Surprisingly, we found that the stem cell population
was not noticeably affected in TOR(RNAi) animals, as indicated by the
expression of the stem cell marker Smed-piwi-1 (Reddien et al.,
2005b) and the neoblast-speciﬁc proliferation marker PCNA (Fig. 1C,
top rows). The populations of stem cell progeny marked by prog-1
(formerly NB21.11e) and AGAT1 (Eisenhoffer et al., 2008) were also
unaffected in TOR(RNAi) animals (Fig. 1C, middle rows). We quanti-
ﬁed the number of Smed-piwi-1, prog-1 and AGAT1 expressing cells
in transverse sections in control and TOR(RNAi) animals at day 15
post-RNAi and did not observe any signiﬁcant differences in the
steady-state levels of the stem cell and progeny markers (Figs. 1D,
E). We also assayed post-mitotic tissues such as the brain and gut
and found no observable differences in CNS anatomy or gut morphol-
ogy between TOR(RNAi) and control animals (Fig. 1C, bottom rows).
H
ea
d 
fra
gm
en
ts
Tr
un
k 
fra
gm
en
ts
Ta
il 
fra
gm
en
ts
Control(RNAi)   TOR(RNAi) Raptor(RNAi) Rictor(RNAi)
A B
*
*
* *
*
* *
*
Control(RNAi )  TOR(RNAi)
St
em
 c
el
ls
(sm
e
d-
pi
wi
-1
)
St
em
 c
el
ls
(P
CN
A)
Ea
rly
 p
ro
ge
ny
(pr
og
-1
)
La
te
 p
ro
ge
ny
(A
G
AT
1)
G
ut
 m
or
ph
ol
og
y
(po
rc
n-
1)
n
e
rv
o
u
s 
sy
st
em
(pc
2)
*
*
*
*
*
*
Fig. 3. TORC1 but not TORC2 is required for regeneration. (A) Regeneration phenotypes of Control and RNAi animals amputated to produce head, trunk, and tail fragments. Animals
followed the same feeding schedule as described in Fig. 2 and were cut 1 day after the last feeding. Representative images are shown for Control(RNAi), TOR(RNAi) fragments (day
14 post-amputation) (n>100 animals per condition) and Raptor(RNAi), Rictor(RNAi) fragments (day 9 post-amputation) (n>30 animals per condition). Dorsal view, anterior is up.
White dashed lines, blastema–old tissue boundary. White asterisks, pharynx. Scale bars: 0.2 mm. (B) WISH of stem cell markers and anatomy markers in representative Control(RNAi)
and TOR(RNAi) regenerating tail fragments ﬁxed at day 14 post-amputation (n>8 animals per condition). Ventral view, with the exception of AGAT1. Anterior to the left. Red asterisks,
pharynx. Scale bars: 0.1 mm.
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and TOR(RNAi) animals by monitoring histone H3 phosphorylation
levels. We performed whole-mount immunoﬂuorescence (IF) for his-
tone H3 phosphorylated on serine10 (H3Ser10p), which labels active-
ly dividing cells beginning at the G2/M transition of the cell cycle. We
found that between day 3 and day 15 post-RNAi, there was no signif-
icant difference in the number of mitotic cells between intact control
and TOR(RNAi) animals (Figs. 2A,B). Taken together, these results
suggest that TOR is not required for stem cell division or stem cell
maintenance in intact animals undergoing normal tissue homeostasis
and that general tissue anatomy is maintained. Therefore, we won-
dered whether the defects observed in TOR(RNAi) and Raptor(RNAi)
animals may be due to an imbalance in the levels of stem cell prolif-
eration versus cell death.
TOR is required to balance cell proliferation and cell death
A whole-mount TUNEL assay has recently been developed in pla-
narians to measure the number of apoptotic cells under various ex-
perimental conditions (Pellettieri et al., 2010). To investigate
whether TOR plays a role in cell death, we quantiﬁed TUNEL-
positive cells in control and TOR(RNAi) animals. Control animals
exhibited a steady level of TUNEL staining until between days 12
and 15 post-RNAi, when there was an observed increase (Figs. 2C,
D). This pattern is consistent with previous ﬁndings that the amount
of apoptosis increases during starvation (degrowth) (Pellettieri et al.,
2010). However in TOR(RNAi) animals, there was a signiﬁcant in-
crease in the number of TUNEL-positive cells throughout the entire
body starting at day 3 post-RNAi (Figs. 2C,D). From day 6 until day
15 post-RNAi, there was a decrease in TUNEL-positive cells inTOR(RNAi) animals, but the levels were still substantially higher com-
pared to control animals. Because we do not observe an increase in
stem cell proliferation in TOR(RNAi) animals (Fig. 2B), we conclude
that there is no net compensation of proliferation and subsequent
differentiation to counteract the large increase in the number of apo-
ptotic cells. This striking imbalance likely leads to the eventual dete-
rioration and lysis of the animals. To determine whether cell death
in TOR(RNAi) animals is induced in a cell-autonomous or cell non-
autonomous manner, we sectioned TUNEL-stained RNAi animals and
observed that the TUNEL-positive cells are not predominantly found
in the gastrovascular system where TOR is mainly expressed, but
throughout the mesenchyme (Fig. S5). Therefore, our data suggest
that a decrease in TOR function induces apoptosis globally in multiple
cell types throughout an intact planarian.TOR is required for regeneration
There are two theoretical processes needed for regeneration to
properly occur in planarians. The ﬁrst is the response to injury to cre-
ate the missing structures through stem cell proliferation, termed epi-
morphosis. The second is the restoration of scale and proportion
through tissue remodeling and cell death, termed morphallaxis
(Morgan, 1901). These two processes are coordinated with each
other, but amolecular link between them is currently unknown. Several
recent studies have begun to characterize in detail the molecular
processes that occur during the earlier stages of planarian regeneration.
These include dramatic increases in neoblast proliferation and
apoptosis (Pellettieri et al., 2010; Wenemoser and Reddien, 2010),
and the re-establishment of the anterior/posterior (A/P) axis by the
463K.C. Tu et al. / Developmental Biology 365 (2012) 458–469Wnt signaling pathway (Gurley et al., 2010; Petersen and Reddien,
2009).
We next examined whether TOR plays a role in various aspects of
regeneration mentioned above such as wound healing, stem cell
hyper-proliferation and tissue remodeling. TOR expression in wild-
type regenerating animals does not appear to be dynamically regulat-
ed andmaintains a rather steady expression level through 7 days post
amputation (Fig. S6). One day after the last RNAi feeding, TOR(RNAi)
animals were amputated transversely both anterior and posterior to
the pharynx to produce head, trunk and tail fragments (Fig. S4A for
schematic diagram). After 14 days of regeneration, all three TOR(R-
NAi) fragments exhibited normal wound healing but showed severe
defects in their ability to form blastemas (masses of undifferentiated
tissue at wound sites that will eventually help replace missing body
structures) and to regenerate missing tissues and structures
(Fig. 3A, second column from left). Conversely, control animals
showed normal regeneration, with each head, trunk and tail fragment
completely restoring the appropriate missing tissues and body parts
within 14 days (Fig. 3A, leftmost column). Raptor(RNAi) amputated
animals showed defects in regeneration similar to those in TOR(RNAi)
animals (Fig. 3A, second column from right), whereas Rictor(RNAi)
animals exhibited normal regeneration (Fig. 3A, rightmost column).
These results indicate that TORC1 but not TORC2 is required for pla-
narian regeneration. Double RNAi feeding experiments with TOR
and Raptor dsRNA also resulted in a complete lack of regeneration
that was indistinguishable from individual RNAi knock downs (not
shown).
To understand why TOR is required for proper regeneration in pla-
narians, we ﬁrst characterized the same molecular markers in regen-
erating fragments as in intact animals. We performed WISH on
regenerating tail fragments and monitored the expression of theA
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t-test. Note: For quantitative experiments involving regenerating fragments after amputatistem cell markers Smed-piwi-1 and PCNA after 14 days of regenera-
tion. There was no substantial difference in Smed-piwi-1 expression
in TOR(RNAi) tail fragments compared to controls, however a severe
decrease in PCNA expression was observed (Fig. 3B, top rows). In ad-
dition, similar expression levels of early and late progeny markers
were also seen in TOR(RNAi) fragments compared to the control frag-
ments (Fig. 3B, middle rows). These observations were conﬁrmed
after quantiﬁcation of Smed-piwi-1, prog-1 and AGAT1 expressing
cells in transverse sections in control and TOR(RNAi) animals at day
14 post-amputation (Fig. S7). In TOR(RNAi) regenerating tail frag-
ments, gut morphology and intestinal branching appeared to remain
unaffected but the animals failed to fuse the posterior gut branches
and form a main anterior intestinal branch or a pharynx, as seen in
control fragments (Fig. 3B, second row from bottom). The nervous
system in TOR(RNAi) fragments only contain posterior ventral nerve
cords and are completely devoid of the bi-lobed cephalic ganglia
(Fig. 3B, bottom row). Together, our WISH results on regenerating
tail fragments suggest that TOR function is not required for stem
cell maintenance. However, the observed dramatic decrease in PCNA
expression suggests that TOR function is required for stem cell prolif-
eration during injury-induced regeneration.
TOR is required for amputation-induced stem cell hyperproliferation during
regeneration
In planarians, it has previously been shown that loss of tissue re-
sults in a burst of global mitotic activity 6 h post-amputation and a
burst of localized mitotic activity near the wound site approximately
48 h post-amputation (Wenemoser and Reddien, 2010). We ampu-
tated a cohort of animals 7 days post-RNAi and subsequently moni-
tored stem cell kinetics 6 h and 48 h later. TOR(RNAi) head, trunkHeads Trunks Tails
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464 K.C. Tu et al. / Developmental Biology 365 (2012) 458–469and tail fragments all failed to mount a dramatic proliferative stem
cell response after amputation compared to control fragments (Figs.
4A–D), which has also been previously reported (Wenemoser and
Reddien, 2010). There was an enrichment of mitotic cells at the am-
putation planes in head, trunk and tail control fragments 48 h post-
amputation that was clearly absent in TOR(RNAi) fragments
(Fig. 4C). To determine whether the failure of stem cells to hyper-
proliferate in TOR(RNAi) is speciﬁc to amputation or possibly due to
a more general stem cell deﬁciency, we measured whether the neo-
blasts could hyper-proliferate in response to another environmental
stimulus such as feeding. There is a burst of cell proliferation as
early as 6 h after planarians ingest food (Baguna, 1976). When TOR(R-
NAi) animals consumed liver, their neoblasts exhibited hyper-
proliferation similar to control animals at 6 h post-feeding (Fig.
S8A). Taken together, our results indicate that the TOR pathway is
speciﬁcally required for the stem cells to mount the characteristic
hyper-proliferative response following amputation that is ultimately
required to generate new tissues.
To further support our hypothesis that there are defects in stem
cell proliferation in the absence of TOR, we quantiﬁed the number
of mitotic cells (H3Ser10p) in regenerating head, trunk and tailA
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Fig. 5. TOR(RNAi) animals have defects in sustaining stem cell proliferation after amputatio
mitotic cells in head fragments (A), trunk fragments (B), and tail fragments (C) on days 3,
time point. Dorsal view, anterior is up. Pink asterisks, developing pharynx in control fragme
tioned. Scale bars: 0.1 mm. Quantiﬁcation of H3P-positive cells over the surface area from (
ments (F). Data represent means±s.e.m.; n=3 experiments, >15 animals per time point ffragments over the course of 14 days. We observed a highly signiﬁ-
cant reduction in proliferating cells in TOR(RNAi) fragments com-
pared to control fragments (Fig. 5), which is in agreement with
decreased PCNA expression from our WISH experiments. Speciﬁcally,
at day 3 post-amputation, there does not appear to be a substantial
difference in mitotic cell numbers in each of the three regenerating
fragments (Figs. 5D–F). However, by day 6, there is a signiﬁcant de-
crease in the number of mitotic cells in TOR(RNAi) fragments that
continues through day 14 of regeneration. These results indicate
that contrary to what is seen in TOR(RNAi) intact animals, the stem
cells in TOR(RNAi) fragments are unable to sustain normal cell prolif-
eration during regeneration.
TOR(RNAi) animals have overall defects in tissue remodeling
Proper regeneration requires the coordinated integration of cell
proliferation and cell death to properly establish new scale and pro-
portion. In addition, new tissues must be generated and integrated
with pre-existing tissues to restore a functional anatomy. Some of
the features of planarian tissue remodeling include a reduction in
photo-receptor size, lengthening and narrowing of the entire animal,D
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465K.C. Tu et al. / Developmental Biology 365 (2012) 458–469and integration of a newly formed pharynx. We measured how well
TOR(RNAi) animals were able to undergo tissue remodeling after am-
putation by measuring the length:width ratios in head, trunk and tail
fragments over the course of 14 days of regeneration (Fig. 6A). Three
days post amputation, both control and TOR(RNAi) fragments have
very similar length:width ratios. However, at day 14 of regeneration,
the length:width ratios in control fragments have substantially in-
creased, an indication that proper rescaling and reproportioning
have taken place (Fig. 6A, purple lines). In contrast, TOR(RNAi) frag-
ments show a slight increase in their length:width ratios after
14 days of regeneration, but the ratios are still signiﬁcantly lower
than in the control counterparts (Fig. 6A, green lines). This suggests
that a small amount of tissue remodeling can occur in the absence
of TOR, but the overall process of integrating cell proliferation and tis-
sue remodeling is defective.
Because cell death is an important component of tissue remodel-
ing, we also quantiﬁed TUNEL-positive nuclei in regenerating
fragments. Previous studies have shown that during planarian regen-
eration, there is a spike in cell death that is localized to wound sites
around 4 post amputation, followed by a more global increase in
cell death around 3 days post amputation (Pellettieri et al., 2010).
These local and systemic cell death responses occur predominantly,
if not exclusively, in differentiated cells and are stem cell indepen-
dent. One hypothesis is that an increased rate of cell death may con-
tribute to a reduction in the size of organs and pre-existing tissues
that are now too large for the size of the regenerating animal frag-
ment. We did not observe any signiﬁcant differences in TUNEL-
positive cells between control and TOR(RNAi) head fragments at
either 4 h or 3 days post-amputation (Figs. 6B,C). Speciﬁcally, both
control and TOR(RNAi) fragments show marked increases of TUNEL-positive cells localized at the amputation site 4 h post amputation
followed by a global increase in TUNEL-positive cells throughout the
head fragment 3 days post amputation. One limitation to our assay
is that we cannot identify the speciﬁc cell types that are undergoing
cell death via double-labeling, nor can we distinguish between apo-
ptotic cells that occur before and after amputation within the same
animal.
One potential interpretation of the results presented in Fig. 6A is
that TOR(RNAi) animals fail to properly rescale and proportion their
bodies because they fail to form a blastema and do not regenerate
new structures, and thus do not increase their length. Previous stud-
ies have shown that in a regenerating trunk fragment the pharynx
undergoes extensive remodeling via cell death even though the phar-
ynx itself has not been damaged, and this process occurs even in the
absence of cell proliferation (Pellettieri et al., 2010). Therefore, our re-
sults from Figs. 6B,C indicate that despite the inability of neoblasts to
hyper-proliferate after amputation (Fig. 4), the normal increase in cell
death occurring in TOR(RNAi) animals after amputation should still
lead to a remodeling of the pre-existing tissues and a decrease in an-
imal width, but this is not what is observed. Taken together, these
data illustrate an essential role for TOR during the processes of regen-
eration: stem cell proliferation to create missing structures, and the
restoration of scale and proportion through cell death and tissue
remodeling.
TOR is not required to reorganize the A/P axis in regenerating animals
The Wnt signaling pathway in planarians is critical in deﬁning the
anteroposterior (A/P) axis in intact and regenerating animals (Gurley
et al., 2008; Petersen and Reddien, 2008). Inhibition of Wnt activity
466 K.C. Tu et al. / Developmental Biology 365 (2012) 458–469speciﬁes anterior fate whereas increasedWnt activity speciﬁes poste-
rior fate. Consistent with this, numerous wnt genes are expressed in
the posterior region of intact animals and have dynamic expression
patterns in response to amputation (Gurley et al., 2010). Because
TOR(RNAi) animals display defects in tissue remodeling, we wanted
to characterize this phenotype further and determine whether regen-
erating animals could appropriately redeﬁne a functional A/P axis
after transverse amputation. We ﬁrst monitored the expression of
two posterior wnt genes, wnt11-1 and wnt11-2 in regenerating head
fragments. Normally, wnt11-1 and wnt11-2 are not expressed in
head fragments at the amputation plane after 1 day, but then do be-
come expressed at the amputation plane 4 days post-amputation in
a manner that is stem-cell dependent (Gurley et al., 2010; Petersen
and Reddien, 2009). Therefore, wnt11-1 and wnt11-2 can also be
used as molecular markers for the formation of a regeneration blaste-
ma. TOR(RNAi) animals showed dramatically reduced wnt11-1 and
wnt11-2 expression at 4 days post-amputation compared to control
animals (Fig. 7A), further supporting our data that TOR(RNAi) animals
have severely reduced blastemas (Fig. 3A).
Next, we monitored the expression of wnt11-5 in regenerating tail
fragments.Wnt11-5 is expressed in a strong posterior to anterior gradi-
ent that spans approximately 70% of an intact animal's body length
(Gurley et al., 2010).Wnt11-5 expression spans 100% of a recently am-
putated tail fragment and must therefore undergo dynamic changes to
re-establish its A/P gradient during regeneration. Speciﬁcally, around
day 4 post-amputation, wnt11-5 is reduced to approximately 25% of
the body length and then expands to its appropriate boundaries by
day 7 post-amputation when anatomical remodeling of the gut has
also taken place. The initial reduction in wnt11-5 expression around
day 4 does not require the presence of stem cells, but the re-
expansion of the gradient does. To determine whether TOR(RNAi) ani-
mals are capable of re-establishing appropriate A/P positional identity,
we monitored wnt11-5 expression in regenerating tail fragments atw
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Fig. 7.Wnt expression markers in regenerating TOR(RNAi) animals. (A) WISH ofwnt11-1 and
day 1 and day 4 post-amputation (dpa).Wnt11-1 andwnt11-2 are expressed in the blastema
animals (wnt11-1, 16/16 head fragments; wnt11-1, 17/17 head fragments). Dorsal view, ant
regenerating tail fragments. WISH expression of wnt11-5 in regenerating tail fragments at 1
expression. Note: the d14 control fragment (upper right panel) lacks photoreceptors in the
0.2 mm. (C) Quantiﬁcation of the region of wnt11-5 expression in tail fragments shown indays 1, 4 and 14 post-amputation (Fig. 7B). Surprisingly, TOR(RNAi) an-
imals are able to re-establish a proper wnt11-5 A/P gradient by day 14
post-amputation similar to control animals (quantiﬁed in Fig. 7C)
even in the absence of the formation of new structures such as the phar-
ynx and the main anterior gut branch (Fig. 3B). These results suggest
that the pre-existing cells in TOR(RNAi) animals are still capable of
responding to an amputation-induced signal to re-position the A/P
axis and that this gradient can be maintained in the absence of tissue
remodeling and stem cell hyperproliferation. Therefore, we conclude
that TOR signaling is required to translate some unknown wound-
induced signal to the stem cells to initiate hyper-proliferation in re-
sponse to wounding and tissue loss.
Discussion
The planarian paradox: growth/de-growth and regeneration
It is clear that there are many demands on both the stem cell pop-
ulation and the surrounding somatic tissues when planarians are
going through the processes of growth, de-growth, or regeneration.
During growth, the animal must minimize cell death and maximize
cell proliferation to lead to a net increase in worm size. As the planar-
ian grows, so too does its stem cell population (Takeda et al., 2009).
During de-growth, the opposite takes place where the worm shrinks
and ultimately, the stem cell population is also reduced. During both
growth and de-growth, it is important to note that proliferation and
death move in opposite directions (Fig. 8A).
In planarians, contrary to what takes place in uninjured animals,
during regeneration cell proliferation and cell death both increase in
the samedirection to levels beyondwhat has ever been observed for in-
tact animals. Temporary stem cell hyper-proliferation is required for
blastema formation whereas increased cell death at both a local and a
systemic level is required to remodel pre-existing tissues for restoring0 2 4 6 8 10 12 14
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467K.C. Tu et al. / Developmental Biology 365 (2012) 458–469symmetry and proportion. These observations suggest that tight regula-
torymechanisms exist linking external stimuli such as nutrients and in-
jury to the balance of cell proliferation and cell death. In hydra, it
has been shown that following head amputation, apoptotic cells release
a signal that induces a proliferative response (Chera et al., 2009). How-
ever, based on our results presented here, the absence of TOR function
during regeneration leads to a normal increase in apoptosis but a failure
to increase cell proliferation (Figs. 4, 5, 6B,C). This suggests that unlike
what occurs in hydra, the cell proliferation and cell death responses
after amputation in planarians are two independent processes that
must be coordinated.Wepropose that TORC1mediates the balances be-
tween proliferation and death in planarians, and TORC1 loss has differ-
ent effects on cellular outcome depending on whether planarians are
undergoing normal tissue homeostasis or injury-induced regeneration
(Figs. 8B,C).
In intact planarians, we observed that neither the stem cell popula-
tion, nor proliferation, nor lineage production was noticeably affected
when TOR was knocked down. However, cell death in surrounding tis-
sues was greatly increased, suggesting that the planarians were inter-
preting their “energy status” as starved and increased cell death to
compensate (Pellettieri et al., 2010) in amanner that could be described
as accelerated de-growth. As expected, we also observed animals to
shrink in size relative to controls (see below for details). This result is
in direct contrast to TORC1 function during regenerationwhere planar-
ians display dramatic deﬁcits in proliferation to the point where the
stem cells do not respond to the loss of tissue and do not hyper-
proliferate to make the new tissue of the blastema. As such, planarians
without TORC1 function could not regenerate. In addition, these same
worms do not properly rescale their proportions suggesting that theamounts of cell death cannot be properly coordinated with newly-
made differentiated cells. Again, the stem cell population and lineage
productionwere not severely affected, indicating that TORC1modulates
the interpretation of some unknown global signal that modulates
wound signaling, proliferation and cell death.
TOR signaling in nutrient balance and somatic growth
Because TOR has an evolutionarily conserved role in controlling
organismal growth, we brieﬂy explored the relationship between pla-
narian TOR and nutrient status. As mentioned before, there is a burst
of cell proliferation as early as 6 h after planarians feed (Baguna,
1976). This response is not lost in TOR(RNAi) animals (Fig. S8A), indi-
cating that neoblasts can still proliferate in response to nutrients in
the absence of TOR. However, when size-matched animals were
injected with either control dsRNA or TOR dsRNA, TOR-injected ani-
mals showed a signiﬁcant decrease in overall animal size (Fig. S8B).
These observations imply that although TOR is not absolutely re-
quired for nutrient-induced proliferation, it may still play a role in
controlling growth in planarians. TOR and Raptor expressions are
enriched in the planarian gut, which is the expected tissue of expres-
sion if these genes are involved in nutrient sensing. Although we did
not see an enrichment of TOR expression in the stem cells, we cannot
conclude that TOR activity is completely absent in the stem cell
compartment. Due to the relatively high proliferation rates of stem
cells, it is likely that they have metabolic demands that differ from
differentiated cells, and therefore must be highly attuned to energy
status. However, because the stem cells reside in the mesenchymal
tissue surrounding the gut branches, it is possible that TOR-positive
468 K.C. Tu et al. / Developmental Biology 365 (2012) 458–469cells in the gut may act as a niche and signal cell to the neighboring
neoblasts. We performed double WISH for TOR and Smed-piwi-1 to
illustrate their close proximity (Fig. S9). It is also intriguing to specu-
late on the function of the discrete TOR-positive neurons in the brain,
which may be neurosecretory cells that modulate some unknown
global signal, may be similar to what has been observed in Drosophila
(Sousa-Nunes et al., 2011).TOR signaling and aging
Organismal aging is characterized by a gradual decline of the
physiological functions of cells, tissues and organs, which is a mani-
festation and a result of complex changes in networks underlying me-
tabolism and signaling. In many organisms, TOR is at the interface of
growth and starvation, making it a prime candidate in the process of
aging. Genetic and chemical manipulation of TOR function has ex-
tended the lifespans of adult organisms from yeast to mammals
(Evans et al., 2011). The rationale behind this is that growth-
promoting programs like the TOR pathway may accelerate aging by
generating metabolic by-products that can have detrimental effects
on cellular function. Thus while TOR function is necessary during em-
bryonic development (Murakami et al., 2004), its function is rather
dispensable, even deleterious post-embryonic development in meta-
zoans. TOR has evolved to accelerate growth, but consequently it can
also drive the development of cancer, metabolic disorders, and aging
(Zoncu et al., 2011). However, planarians exhibit high rates of growth
and proliferation as part of their normal adult physiological turnover.
Therefore, growth and nutrient-sensing programs must be essential
for their viability. Indeed, loss of TOR function in planarians results
in their eventual death, suggesting that the TOR pathway is not dis-
pensable in adult planarians. Of special interest is how TOR signaling
in metazoans differs in pre- and post-developmental periods, and pla-
narians could serve as a unique model system to address these differ-
ences. Many of the evolutionarily conserved upstream regulators of
TOR, such as PTEN and Akt (Oviedo et al., 2008) and downstream tar-
gets are also present in planarians suggesting that further characteri-
zation of the TOR pathway may offer insight into the role of TOR in
the biological context of stem cell function and injury-induced
regeneration.Conclusion
The TOR signaling pathway is a central regulator of growth and
proliferation that integrates and balances a multitude of intra- and
extracellular environmental signals. Our studies illustrate that in pla-
narians, TORC1 plays an important role in integrating changes in en-
vironmental signals, such as nutrient status or injury, to coordinate
essential biological responses. We have identiﬁed a central role for
the TORC1 complex in maintaining a viable ratio of cell proliferation
to cell death during tissue homeostasis. When TORC1 function is re-
moved, uninjured worms have increased cell death while the stem
cell population, proliferation, and lineage production are not
greatly affected. In contrast, TORC1 is required to activate stem cell
proliferation, but not cell death, in response to loss of tissue after am-
putation. These data suggest that cell proliferation and cell death are
not directly coupled in either intact or regenerating animals and that
molecular components such as TORC1 play a critical role in coordinat-
ing these two antagonistic processes in planarians. The identiﬁcation
of the upstream signals that may trigger these two differing responses
awaits further study. However, it is evident that by possessing a large
population of experimentally accessible stem cells and exhibiting
high cell turnover, planarians offer a unique model system for under-
standing the mechanisms regulating cell proliferation, differentiation,
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